The effects of human activities on flood propagation, during the period 1878-2005, in a 190-km reach of the middle-lower portion of the River Po (Northern Italy) are investigated. A series of topographical, hydrological and inundation data were collected for the 1878 River Po geometry and the June 1879 flood event, characterised by an inundated area of 432 km 2 . The aim of the study is two-fold: (1) to show the applicability of flood inundation models in reconstructing historical inundation events, and (2) to assess the effects of human activities during the last century on flood propagation in the middle-lower portion of the River Po. Numerical simulations were performed by coupling a two-dimensional finite element code, TELEMAC-2D, with a one-dimensional finite difference code, HEC-RAS.
INTRODUCTION
Flood risk may be defined as the probability that floods of given intensity and loss will occur in a certain area within a specified time period (e.g. Apel et al., 2006; Merz et al., 2007) . Although periods of more frequent floods have occurred in the past (e.g. Beven, 1993) , the recent major floods in Europe, such as the catastrophic central European flooding in 2002 and the UK flash flooding in 2004 and 2007 , triggered the widespread perception that flood risk at the European level is increasing (e.g. EEA, 2005; Wilby et al., 2008) . Certainly, the likelihood and adverse impacts of flood events may increase at local scales because of human activities, such as the growing number of people and economic assets located in flood-prone areas, land-use change (e.g. Brath et al., 2003) and inappropriate river management (see Directive 2007 /60/EC, European Parliament, 2007 .
During the last two centuries, the height of levees has increased, and rivers have become increasingly controlled (Janssen & Jorissen, 1997) . The heightening of levees to protect floodprone areas results in increased damage if a failure occurs (Vis et al., 2003) . In fact, after the raising of levees, people feel safer and investments in the flood-prone area increase. Nevertheless, with steadily increasing levee heights, the potential flood depth increases. As an example, Fig. 1(a) reports the geometry of a cross-section of the River Po-at Pontelagoscuro, approx, 80 km from the coast and just before the apex of the River Po delta-clearly showing the heightening of levees in the period 1878 shows the increase in the length of the levee system (River Po and tributaries) and the corresponding increase in water depth observed at Pontelagoscuro during the largest historical floods. Some recent scientific works investigated the effects of human activity on flood wave propagation. For instance, Natale et al. (2002) analysed the effects of river geometry modifications on a reach of the River Tiber over a period of about 15 years by means of a mathematical model. Mitkova et al. (2005) used a nonlinear reservoir river model to analyse the flood propagation changes due to human activities in the Kienstock-Bratislava reach of the River Danube by simulating flood wave transformation for historical floods that occurred since 1899.
The present study uses reliable flood models to analyse the effects of human activity, such as levee heightening carried out between 1878 and 2005, on flood wave propagation in a 190-km reach of the middle-lower portion of the River Po, one of the main European rivers.
The river bed of the Po has been modified by human interventions that began nearly two millennia ago, increasing in frequency over time, and ending in the last century . Such interventions consisted of: embankments, cutting meanders and other excavations, which together have transformed the geometry of the river, so that, nowadays, the river geometry could be considered artificial (see e.g. Fig. 1(a) ). In particular, we know today that the levee system of the River Po reached its current configuration as a result of a series of installations, development and consolidation carried out over several centuries. These changes accelerated markedly during the last century and modified the river expansion capacity. A numerical test was carried out to clarify these effects and to provide plausible quantification. In particular, series of topographical, hydrological and inundation data were collected for the June 1879 flood event (inundated area: 432 km 2 , water depth in flood-prone areas: 6 m). Then, flood inundation models were used to: (a) reconstruct the historical flooding of 1879, and (b) assess the effects of human activity on flood wave propagation in the middle-lower portion of the River Po.
STUDY AREA
The River Po flows eastward for about 650 km across northern Italy, from the northeastern Alps to the Adriatic Sea near Venice (Fig. 2) . The Po drainage basin area is around 71 000 km 2 , the largest in Italy. As well as being the longest river in Italy, the River Po is the largest river in terms of streamflow. The Po flows through many important Italian cities, including Turin and (indirectly) Milan, to which it is connected through a network of artificial and natural channels called Navigli, which was partly designed by Leonardo da Vinci. Near the mouth of the Po in the Adriatic Sea, the river creates a large delta consisting of hundreds of minor channels and five main ones.
The numerical analysis was performed on a 190-km reach of the middle-lower portion of the River Po from Cremona to Pontelagoscuro. For this portion of the river, the riverbed consists of a stable main channel 200-500 m wide, and two lateral banks (the overall width varies from 200 m to 5 km) confined by two continuous artificial levees; the bed slope is about 0.2 m km -1 . We referred to two topographical ground surveys of the River Po: the first performed by the Commissione Brioschi in 1878 (Fig. 3) and the second by the Interregional Agency of the River Po (http://www.agenziainterregionalepo.it) in 2005 ( Fig. 1(a) ).
The River Po Basin Authority (http://www.adbpo.it) coordinates the management of the entire drainage basin area, which embraces a number of different districts and the whole Po Plain (Pianura Padana), a very important agricultural region and the industrial heart of northern Italy. In (Govi & Turitto, 2000; Fig. 4) . In particular, during the end of May and the beginning of June 1879, the River Po experienced a significant flood event that caused the inundation of 432 km 2 in the Secchia-Panaro region ( Fig. 2(b) ). The inundation was due to a break in the right levee, which was caused by piping.
FLOOD INUNDATION MODELS

Overview
Numerical simulations were performed using a hybrid methodology. In particular, we used a onedimensional (1D) approach to simulate flows into the river, within the levee system. Also, flows through the levee breach were computed by the 1D code (HEC-RAS; HEC, 2001) and then adopted as the inflow boundary condition for a 2D model of the flood-prone area (TELEMAC-2D; Galland et al., 1991) . Therefore, the two models are not linked interactively. Specifically, given that the Po levees are about 10 m higher than the flood-prone area, the assumption that there is no interaction between the two models is reasonable. Aureli et al. (2006) demonstrated, for a similar reach of the River Po, that this type of modelling is appropriate. In particular, they compared a fully-2D model to a 1D-2D model in reproducing inundation scenarios due to levee failure (Aureli et al., 2006) . The study pointed out that the two models have similar performance. Nevertheless, the 1D-2D approach has the advantage that the dynamic flooding could be predicted whilst avoiding the onerous description of the river-bed geometry in 2D and, consequently, achieving a reduction in the computation time (Aureli et al., 2006) .
One-dimensional hydraulic model
The HEC-RAS model is a 1D fully hydraulic model developed by the US Army Corps of Engineers (see e.g. HEC, 2001 ). The HEC-RAS model is characterized by smaller computation costs with respect to higher-dimension models (e.g. Pappenberger et al., 2005; Schumann et al., 2007) . Furthermore, recent studies (see e.g. Horritt & Bates, 2002; Bates, 2004) showed that 1D hydraulic models are perfectly suitable for providing accurate reproduction of flood propagation in natural rivers and streams.
The unsteady numerical code (UNET; Barkau, 1997) implemented in the HEC-RAS model solves the St Venant equations for a 1D schematization through an algorithm that uses a classical implicit four-point finite difference scheme, reported in the literature as a box-scheme (see e.g. Preissmann, 1961) .
Two-dimensional hydraulic model
The TELEMAC-2D model (Galland et al., 1991; Hervouet & Van Haren, 1996 ) is a 2D-finite element model that is able to represent complex flood-plain topography, dynamic wetting and drying of the flood plain and prediction of mass fluxes between channel and flood plain (Horritt et al., 2007) . The TELEMAC-2D code solves the 2D-shallow water equations for a system of piecewise linear triangular finite elements using a fractional step method (Marchuk, 1975) . Here, advection terms are solved initially, separated from propagation, diffusion and source terms, which are solved together in a second step. The method of characteristics is used for the advection step and the streamline upwind Petrov-Galerkin method (Brookes & Hughes, 1982 ) is used to solve the combined propagation and diffusion step. The resulting linear system is solved using an elementby-element technique and the generalised minimum residual (GMRES) method. One of the advantages of finite element models is that they are based on an unstructured mesh that can be used for better describing the topographical discontinuity that influences the inundation process, such as levees, road and railway embankments (e.g. Aronica et al., 1998; Di Baldassarre et al., 2009) .
THE 1879 FLOOD EVENT
The June 1879 flood event was simulated by adopting a hybrid approach: a 1D model (HEC-RAS) in the river to compute the outflow through the breach, and a 2D model (TELEMAC-2D) to describe the inundation in the flood-prone area.
The topography of the 190-km reach of the River Po, from Cremona to Pontelagoscuro, was described by using 40 cross-sections surveyed in 1878 by the Commissione Brioschi (see Fig. 3 ). On the basis of indications in the scientific literature (e.g. Samuels, 1990; Castellarin et al., 2009) , the cross-section spacing is adequate to correctly describe the hydraulic behaviour of the 190-km reach of the River Po during the June 1879 flood event. The altimetry of the region was determined by means of the 100-m resolution DTM (digital terrain model, Fig. 2(a) ) and the survey of the principal breaklines (e.g. road embankments, channel, levees), assuming that the variations which occurred in the last century on the elevation of the flood-prone area are negligible.
For the boundary conditions, we used the observed flow hydrograph at the upstream end of the reach (Cremona) derived by Galloni (1881) , and a rating curve at the downstream end of the reach (Pontelagoscuro). We differentiated the friction coefficients for the main channel and flood plain, and set the coefficient values considering the results of previous studies (Aureli et al. 2006; Di Baldassarre et al., 2009 ) and according to the indications reported in the scientific literature (see e.g. Chow, 1959) on the basis of the physical characteristics of the river (0.04 m -1/3 s for the main channel and 0.09 m -1/3 s for the flood plain). The levee breach was analysed within HEC-RAS by modelling the levee as a lateral structure (Barkau, 1997) . The characteristics of the breach were imposed by using historical observations (Galloni, 1881) : the levee failure was caused by piping; it started on 4 June 1879 at 04:00 h., and was characterised by a final width of 220 m. The breach was assumed to occur instantaneously, as there is no information about its evolution in time. Nevertheless, it is important to note that a preliminary sensitivity analysis on the time of formation of the breach indicated that the assumption of instantaneous breach does not influence the results of the model . The model was verified by comparing the simulated water elevations with an observed hydrograph (Fig. 5) . Figure 5 shows the simulated and observed hydrographs at Ostiglia (Galloni, 1881) , which is located in a central position along the considered reach (Fig. 6) . The time of the levee breach, which occurred after the peak flow, is clearly visible. Also, Fig. 5 shows good agreement between the simulated and observed water elevations.
The 2D model was then used to simulate the flow in the 720-km 2 flood-prone area. The computational mesh was characterised by 31 702 elements and 17 605 nodes. The friction coefficient of the flood-prone area was assumed constant and equal to the value of the flood plain. Figure 6 shows the results of the 2D simulation 4, 16, 48 and 192 h after levee breach.
The 2D model was then verified using the inundation flood extent for the June 1879 flood event (Fig. 4) . In particular, the 1879 flood extent map was used to compare model simulations using the following measure of fit, F (e.g. Horritt et al., 2007) :
where A is the size of the wet area correctly predicted by the model, B is the area predicted as wet that is observed dry (over-prediction), and C is the wet area not predicted by the model (underprediction). The measure of fit F, evaluated using the historical flood extent map and the simulated maximum inundation extent, was found to be about 90%. Given that the total inundation extent is confined by the topography, this result mainly provides an indication about the correct estimation of the total flow at the outlet (around 1200 × 10 6 m 3 , Fig. 5 ). Nevertheless, the flood inundation model performance was tested using the historical information on the 1879 flood dynamics (e.g. Galloni, 1881; Govi & Turitto, 2000) , such as the averaged front wave velocity (approx. 15 km/d, observed; 13.5 km/d, simulated) and time to reach Bondeno town (approx. 40 h, observed; 42 h, simulated). The good performance of the 2D model in reproducing flood wave propagation over an initially dry plane indicates that the model may be a useful tool for the implementation of appropriate civil protection plans. 
ASSESSING THE EFFECTS OF LEVEE HEIGHTENING AND RIVER GEOMETRY MODIFICATION ON FLOOD-WAVE PROPAGATION
The 1878 and 2005 cross-sections were used to analyse the effects of the development and consolidation of the River Po levee system on flood wave propagation characteristics. We applied two different models, referred to as: the 1878 model, built using the river geometry surveyed in 1878; and the 2005 model, using the river geometry surveyed in 2005. In order to make a fair comparison, this study was performed using the following criteria:
(a) The entire levee system is assumed to be non-erodible (no formation of breach when the levee is overtopped). Assuming the same roughness values for both models (1878 and 2005) is consistent with the goals of the analysis. In fact, our main objective is to assess the change of flood wave propagation exclusively due to the river geometry modification and levee heightening, without introducing additional differences between the two models.
The 2005 model, with the roughness coefficient described before (Section 4), was verified by simulating the recent high-magnitude flood event of October 2000 and comparing the simulated water surface with the high-water marks surveyed in the aftermath of the flood, as well as an observed stage hydrograph recorded at a central position along the considered reach. This verification showed good performance of the model, with the mean absolute error between the observed and simulated water levels equal to 0.3 m (1-2% of the water depth).
The two models used as hydrological input the flood hydrograph observed at the upstream end of the reach (Cremona) during the catastrophic November 1951 flood (Fig. 7) . The 1951 event was the most important flood of the last century, as it impacted several structures and extensive inundation occurred in the lower portion of the river. In particular, the left levee at Occhiobello was overtopped and breached. The total volume of flow at the outlet was ~2000 × 10 6 m 3 ; the inundation extent was ~1000 km 2 and about 380 000 people were evacuated. The 1951 flood hydrograph may be considered as a synthetic event for the two geometries. Due to the different levee system along the tributaries in 1878, the 1951 flood event would have resulted in a more attenuated flood wave at Cremona than that illustrated in Fig. 7 . Nevertheless, the fact that we adopt an overestimated flood wave at Cremona is functional to the goal of this simulation. In fact, it allows us to understand the effect of levee heightening and geometry modification that occurred in the last century on the hydraulic behaviour of the lower-middle portion of the River Po during high-magnitude floods.
The analysis gave some interesting results for the quantification of the loss of expansion capacity, between 1878 and 2005, in the River Po between Cremona and in Pontelagoscuro. Figure 7 reports the upstream hydrograph used for both models (i.e. hydrograph registered in 1951 at Cremona) and the downstream hydrograph at Pontelagoscuro obtained with the two different models (1878 and 2005) . Figure 7 shows that the downstream hydrograph obtained with the 1878 model is more attenuated than that obtained with the 2005 model. In particular, peak flow at Pontelagoscuro with the 1878 geometry is around 15% lower than the value obtained with the 2005 geometry. The different flood wave attenuation is mainly due to the presence of flooding in flood-prone areas along the reach, due to overtopping of the 1878 levee system, which would not have been able to contain the 1951 flood event (Fig. 7) . Table 1 summarises the results of this numerical analysis.
As expected, the levee heightening of the River Po reach analysed here had two contrasting effects. On the one hand, it had positive effects, as it decreased the frequency of inundation of the flood-prone area: during the 19th century, three historical floods were registered in the SecchiaPanaro region (Fig. 4) , while during the 20th century there was no flooding. On the other hand, it decreased the natural expansion capacity of the river reach, increasing flood discharge downstream ( Fig. 7 and Table 1 ). Moreover, the numerical analysis helps us to quantify these effects in order to better evaluate the effects of levee heightening. The most important result is that, while the absence of flooding along the reach during the 1951 event (mainly due to levee heightening carried out in the period 1878-1951) resulted in a higher flood discharge downstream and, consequently, produced the disastrous levee failure downstream (flow at outlet: ~2000 × 10 6 m 3 ; inundation extent: ~1000 km 2 ), the same event with the 1878 geometry would have produced much less Table 1 ). This result gives useful indications for the choice of the most appropriate strategy to adopt in future flood risk management. In fact, although the 2005 geometry of the River Po enables it to contain the entire 1951 flood event without any levee overtopping or inundation of flood-prone areas (Table 1) , disastrous levee failures may be expected for higher-magnitude events (e.g. 500-year flood event; Maione et al., 2003) . Therefore, in order to avoid catastrophic inundation downstream in the case of higher magnitude flood events (such as the 1951 flood), the results of the study seem to recommend the use of alternative approaches, such as controlled flooding of certain areas (e.g. Vis et al., 2003; European Parliament, 2007; Komma & Blöschl, 2008) , instead of continued levee heightening. In such an approach, flooding may be allowed in certain areas (identified on the basis of an accurate cost-benefit analysis), whereas the impact of flooding is minimised through policies of appropriate land-use planning (e.g. Vis et al., 2003) .
CONCLUSIONS
This study aimed at investigating (1) the applicability of 1D-2D hydraulic models to reconstruct the June 1879 inundation, and (2) the effects on flood wave propagation of man-made river geometry modification and, in particular, levee heightening, which took place during the last century.
Concerning the first goal, we demonstrated the applicability of the flood inundation model to reconstruct inundated areas and the flooding dynamics of the June 1879 event. For the second goal, the results of the study allowed us to assess how the 19th century levee heightening changed the flood wave propagation characteristic for the river reach analysed. It is shown that levee heightening has a dual effect: on the one hand, it decreases the frequency of inundation of flood-prone areas; on the other hand, it decreases the flood attenuation, consequently increasing the flood discharge downstream. This study quantified such effects through analytical comparison of the hydraulic response to the same hydrological input, the high-magnitude flood event of November 1951.
The study is a first effort to investigate the effects of human intervention on flood wave propagation. Nevertheless, the results of the numerical analysis study give some useful indications for planning future strategies of flood risk management. In particular, they seem to suggest that alternative strategies based on the promotion of sustainable land-use practices, improvement of water retention, as well as controlled flooding in certain areas (e.g. Vis et al., 2003; Komma & Blöschl, 2008) should be preferred to the common approach based on continuous embankment and levee heightening.
